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Validation of SNP Allele frequencies determined by pooled next-generation
sequencing in natural populations of a non-model plant species
Rellstab, Christian; Zoller, Stefan; Tedder, Andrew; Gugerli, Felix; Fischer, Martin C
Abstract: Sequencing of pooled samples (Pool-Seq) using next-generation sequencing technologies has
become increasingly popular, because it represents a rapid and cost-effective method to determine allele
frequencies for single nucleotide polymorphisms (SNPs) in population pools. Validation of allele frequen-
cies determined by Pool-Seq has been attempted using an individual genotyping approach, but these
studies tend to use samples from existing model organism databases or DNA stores, and do not validate
a realistic setup for sampling natural populations. Here we used pyrosequencing to validate allele frequen-
cies determined by Pool-Seq in three natural populations of Arabidopsis halleri (Brassicaceae). The allele
frequency estimates of the pooled population samples (consisting of 20 individual plant DNA samples)
were determined after mapping Illumina reads to (i) the publicly available, high-quality reference genome
of a closely related species (Arabidopsis thaliana) and (ii) our own de novo draft genome assembly of A.
halleri. We then pyrosequenced nine selected SNPs using the same individuals from each population, re-
sulting in a total of 540 samples. Our results show a highly significant and accurate relationship between
pooled and individually determined allele frequencies, irrespective of the reference genome used. Allele
frequencies differed on average by less than 4%. There was no tendency that either the Pool-Seq or the
individual-based approach resulted in higher or lower estimates of allele frequencies. Moreover, the rather
high coverage in the mapping to the two reference genomes, ranging from 55 to 284x, had no significant
effect on the accuracy of the Pool-Seq. A resampling analysis showed that only very low coverage values
(below 10-20x) would substantially reduce the precision of the method. We therefore conclude that a
pooled re-sequencing approach is well suited for analyses of genetic variation in natural populations.
DOI: 10.1371/journal.pone.0080422
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SRO\PRUSKLVPV 613V LQ SRSXODWLRQ SRROV 9DOLGDWLRQ RI DOOHOH IUHTXHQFLHV GHWHUPLQHG E\ 3RRO6HT KDV EHHQ
DWWHPSWHG XVLQJ DQ LQGLYLGXDO JHQRW\SLQJ DSSURDFK EXW WKHVH VWXGLHV WHQG WR XVH VDPSOHV IURP H[LVWLQJ PRGHO
RUJDQLVPGDWDEDVHVRU'1$VWRUHVDQGGRQRWYDOLGDWHDUHDOLVWLFVHWXSIRUVDPSOLQJQDWXUDOSRSXODWLRQV+HUHZH
XVHG S\URVHTXHQFLQJ WR YDOLGDWH DOOHOH IUHTXHQFLHV GHWHUPLQHG E\ 3RRO6HT LQ WKUHH QDWXUDO SRSXODWLRQV RI
$UDELGRSVLVKDOOHUL%UDVVLFDFHDH7KHDOOHOHIUHTXHQF\HVWLPDWHVRIWKHSRROHGSRSXODWLRQVDPSOHVFRQVLVWLQJRI
LQGLYLGXDOSODQW'1$VDPSOHVZHUHGHWHUPLQHGDIWHUPDSSLQJ,OOXPLQDUHDGVWRLWKHSXEOLFO\DYDLODEOHKLJKTXDOLW\




RQ DYHUDJH E\ OHVV WKDQ  7KHUH ZDV QR WHQGHQF\ WKDW HLWKHU WKH 3RRO6HT RU WKH LQGLYLGXDOEDVHG DSSURDFK
UHVXOWHGLQKLJKHURUORZHUHVWLPDWHVRIDOOHOHIUHTXHQFLHV0RUHRYHUWKHUDWKHUKLJKFRYHUDJHLQWKHPDSSLQJWRWKH
WZR UHIHUHQFH JHQRPHV UDQJLQJ IURP  WR [ KDG QR VLJQLILFDQW HIIHFW RQ WKH DFFXUDF\ RI WKH 3RRO6HT $














'XULQJ WKH SDVW IHZ \HDUV WKH XVH RI QH[WJHQHUDWLRQ
VHTXHQFLQJ WHFKQRORJLHV 1*6 >@ KDV GUDPDWLFDOO\
LQFUHDVHG $W WKH VDPH WLPH FRVWV SHU VHTXHQFHG EDVH SDLU
ES DUH UDSLGO\ GHFUHDVLQJ ZKLFK IDFLOLWDWHV JHQRPHZLGH
DQDO\VHV RI JHQHWLF YDULDWLRQ RI LQGLYLGXDOV DQG HQWLUH
SRSXODWLRQV HJ >@ 1*6 DOORZV VWXGLHV WR H[SDQG WR D
WUXO\ JHQRPHZLGH VFDOH SRWHQWLDOO\ DQDO\]LQJ PLOOLRQV RI
SRO\PRUSKLVPVDWDWLPHHJ>@+RZHYHUVWXGLHVDWWKH
SRSXODWLRQ OHYHO W\SLFDOO\ UHTXLUH WKH DQDO\VLV RI QXPHURXV
LQGLYLGXDOV RI PXOWLSOH SRSXODWLRQV ZKLFK VWLOO OHDGV WR KLJK
FRVWV KLJK '1$ UHTXLUHPHQWV ORQJ SURFHVVLQJ WLPHV GXH WR
OLEUDU\SUHSDUDWLRQDQG WKHQHHG IRUKLJKVHTXHQFHFRYHUDJH
SHU LQGLYLGXDO 7KHUHIRUH D SRROHG DSSURDFK XVLQJ VDPSOHV
FRQVLVWLQJ RI VHYHUDO LQGLYLGXDOVPLJKW EH SUHIHUDEOH LQ PDQ\
VWXG\GHVLJQV
5HFHQWO\ )XWVFKLN DQG 6FKO|WWHUHU >@ GHPRQVWUDWHG WKDW
VHTXHQFLQJRISRROHGVDPSOHV3RRO6HTXVLQJ1*6QRWRQO\
UHGXFHVFRVWVDQGZRUNORDGEXWFDQDOVRUHOLDEO\GHWHFWVLQJOH
QXFOHRWLGH SRO\PRUSKLVPV 613V DQG DFFXUDWHO\ HVWLPDWH
YDULRXVSRSXODWLRQJHQRPLFSDUDPHWHUV6HYHUDO VWXGLHVKDYH
XVHG3RRO6HTWRDQVZHUFKDOOHQJLQJTXHVWLRQVLQHYROXWLRQDU\
HFRORJ\ HJ >@ DQG DGDSWHG H[LVWLQJ DQDO\WLFDO
FRQFHSWVWRWKLVQHZDSSURDFK>@+RZHYHUWKHEHQHILWVRI
3RRO6HT FRPH ZLWK VRPH WUDGHRIIV 0RVW REYLRXVO\ DQG
LPSRUWDQWO\ LW OHDGV WR WKH ORVV RI LQIRUPDWLRQ UHJDUGLQJ
LQGLYLGXDOKDSORW\SHVDQGKHWHUR]\JRVLW\6HFRQGO\UDUHDOOHOHV
3/2621(_ZZZSORVRQHRUJ  1RYHPEHU_9ROXPH_,VVXH_H
WKDW DUH LPSRUWDQW LQPHGLFDO VFLHQFHV IRU H[DPSOHPLJKW EH
LJQRUHG DV D FRQVHTXHQFH RI VWULQJHQW FRUUHFWLRQV IRU
VHTXHQFLQJ HUURUV IRU FULWLFDO FRPPHQWV VHH  7KLUGO\
3RRO6HT UHTXLUHV WKDW LQGLYLGXDO'1$VDPSOHVDUH FRPELQHG
LQ HTXLPRODU FRQFHQWUDWLRQV DQG WKHUHIRUH PHDVXUHPHQW
DQGRUSLSHWWLQJHUURUVPLJKWKDYHDQHJDWLYH LPSDFWRQDOOHOH
IUHTXHQF\HVWLPDWHVDWOHDVWLQVPDOOSRROV>@
+HQFH VWXGLHV XVLQJ 3RRO6HT LPSO\ WKDW WKHLU 613 DOOHOH
IUHTXHQF\ HVWLPDWHV DUH DFFXUDWH RIWHQ ZLWKRXW YDOLGDWLRQ RI
WKHVHDOOHOHIUHTXHQF\HVWLPDWHV6HYHUDOVWXGLHVKDYHWULHGWR
DGGUHVV WKLV WRSLF LQ WKH UHFHQW SDVW DQG YDOLGDWHG DOOHOH
IUHTXHQFLHV IURP SRROHG VDPSOHV E\ JHQRW\SLQJ VLQJOH
LQGLYLGXDOVIURPZLWKLQWKHSRROVVHH7DEOHIRUDQRYHUYLHZ
+RZHYHU VHYHUDO VWXGLHV XVHG VDPSOHV IURP H[LVWLQJ PRGHO
RUJDQLVP GDWDEDVHV DQG '1$ VWRUHV >@ IRU ZKLFK
SRO\PRUSKLVPVZHUH NQRZQ LQ DGYDQFH6RPH VWXGLHV WHVWHG
RWKHU DVSHFWV RU GLIIHUHQW YDULDQWV RI WKH 1*6 VHTXHQFLQJ
SURWRFRO >@ DQG PRVW RI WKH VWXGLHV SUHDPSOLILHG D
FHUWDLQ UHJLRQ LQ WKH JHQRPH RU UHGXFHG WKH VL]H RI WKH
WHPSODWHSULRUWRVHTXHQFLQJ>@7RRXUNQRZOHGJH
H[FHSWIRU=DYRGQDHWDO>@ZKRORRNHGDWSRSXODWLRQJHQHWLF
SDUDPHWHUV LQ WZR PLWRFKRQGULDO JHQHV QR VWXG\ KDV EHHQ
SXEOLVKHG WR GDWH WKDW H[SOLFLWO\ YDOLGDWHV SRROHG 613 DOOHOH
IUHTXHQFLHV LQ QDWXUDO SRSXODWLRQV RI D QRQPRGHO VSHFLHV
GHILQHGKHUHDVVSHFLHVZLWKRXWDSXEOLFO\DYDLODEOHUHIHUHQFH
JHQRPH +RZHYHU SUHFLVHO\ WKLV LQIRUPDWLRQ LV QHHGHG IRU
FXUUHQWO\ KRW WRSLFV LQ HYROXWLRQDU\ ELRORJ\ OLNH SRSXODWLRQ
JHQRPLFVWXGLHVRIORFDODGDSWDWLRQ
,Q WKH SUHVHQW VWXG\ ZH ILOOHG WKLV JDS DQG XVHG
S\URVHTXHQFLQJ >@ RI LQGLYLGXDO VDPSOHV WR WHVW WKH
DFFXUDF\RIHVWLPDWHVRI613DOOHOHIUHTXHQFLHVGHWHUPLQHGE\
,OOXPLQD 3RRO6HT 7KH S\URVHTXHQFLQJ PHWKRG LV EDVHG RQ
WKHVDPHWHFKQRORJLFDOSULQFLSOHDV5RFKHVHTXHQFLQJEXW
XVHV VHTXHQFLQJ SULPHUV VSHFLILF WR D SDUWLFXODU JHQRPLF
UHJLRQSUHYLRXVO\DPSOLILHGLQD3&5UHDFWLRQ3\URVHTXHQFLQJ
KDV EHHQ VKRZQ WR EH D SRZHUIXO WRRO IRU DQDO\]LQJ613V LQ
LQGLYLGXDOV >@ RU LQ DUWLILFLDOO\ >@ DQG QDWXUDOO\ SRROHG
VDPSOHV>@8VLQJLQGLYLGXDOVLQHDFKRIWKUHHSRSXODWLRQV
RI WKH QRQPRGHO VSHFLHV $UDELGRSVLV KDOOHUL %UDVVLFDFHDH
ZH FRPSDUHG WKH DOOHOH IUHTXHQFLHV DW QLQH 613V ORFDWHG
ZLWKLQVL[GLIIHUHQWJHQHVXVLQJ,OOXPLQD3RRO6HTGDWDZLWKWKH
DOOHOH IUHTXHQFLHV IURP LQGLYLGXDO JHQRW\SLQJ XVLQJ
S\URVHTXHQFLQJ RI WKH VDPH  VDPSOHV SHU SRSXODWLRQ LQ
WRWDO  VDPSOHV 7KH DOOHOH IUHTXHQFLHV IURP WKH3RRO6HT
ZHUHGHWHUPLQHGXVLQJWZRGLIIHUHQWPDSSLQJDSSURDFKHV:H
ILUVW PDSSHG UHDGV WR D FORVHO\ UHODWHG VSHFLHV ZLWK D KLJK
TXDOLW\UHIHUHQFHJHQRPH$UDELGRSVLVWKDOLDQDDQGVHFRQGWR
RXURZQGHQRYRGUDIWDVVHPEO\RIWKH$KDOOHULJHQRPH2XU
UHVXOWV VKRZ WKDW HVWLPDWHVRI DOOHOH IUHTXHQFLHVPHDVXUHG LQ
WKH SRROHG VDPSOHV DUH KLJKO\ DFFXUDWH LQGHSHQGHQW RI WKH
UHIHUHQFH JHQRPH XVHG IRU PDSSLQJ DQG WKDW D 3RRO6HT






ZLGH UDQJH RI KDELWDWV LQFOXGLQJ PRXQWDLQ VORSHV IRUHVW
PDUJLQV DQG URFN\ FUHYLFHV >@ 7KH SHUHQQLDO LQVHFW
SROOLQDWHG DQG VWULFWO\ RXWFURVVLQJ KHUE LV GLVWULEXWHG IURP
(XURSH WRHDVWHUQ$VLD >@DQGKDVEHHQXVHG LQVWXGLHVRQ
HYROXWLRQDU\ HFRORJ\ >@ DQG KHDY\ PHWDO WROHUDQFH >@
GXHWRLWVDELOLW\WRK\SHUDFFXPXODWH=LQFDQG&DGPLXP




DVO $ VDPSOLQJ SHUPLVVLRQ IRU WKHVH ORFDWLRQV ZDV QRW
UHTXLUHG EHFDXVH WKH\ GR QRW UHSUHVHQW QDWXUH UHVHUYHV DQG
$ KDOOHUL LV QRW SURWHFWHG RU HQGDQJHUHG LQ 6ZLW]HUODQG




VWUDQGHG '1$ FRQFHQWUDWLRQ RI LQGLYLGXDO VDPSOHV ZDV
TXDQWLILHGXVLQJD4XELWIOXRURPHWHUGV'1$%5,QYLWURJHQ
,OOXPLQD3RRO6HT
3HU SRSXODWLRQ RQH SRROHG VDPSOH ZLWK D WRWDO RI  J RI
51$IUHH JHQRPLF KLJKTXDOLW\ '1$ ZDV SUHSDUHG ZLWK
HTXLPRODU FRQFHQWUDWLRQV RI DOO  LQGLYLGXDO VDPSOHV /LEUDU\
SUHSDUDWLRQV ± ES LQVHUWLRQ VL]H  ES SDLUHGHQG
UHDGV DQG JHQRPH VHTXHQFLQJ +L6HT ,OOXPLQD ZHUH
SHUIRUPHGE\*$7&%LRWHFK&RQVWDQFH*HUPDQ\7RFRUUHFW
IRUFKDQQHOELDVWKHWKUHHWDJJHGSRSXODWLRQVZHUHGLVWULEXWHG
DPRQJ WZR IXOO FKDQQHOV RQ RQH IORZ FHOO $IWHU VHTXHQFLQJ
IRUZDUG DQG UHYHUVH UHDGV ZHUH WULPPHG ZLWK &XWDGDSW >@
UHPRYLQJ WDJV DQG DGDSWRUV0RUHRYHU ZH SHUIRUPHG TXDOLW\
WULPPLQJ ZLWK WKH )$67;WRRONLW KWWSKDQQRQODEFVKOHGX
IDVW[BWRRONLW NHHSLQJ RQO\ UHDGV ZLWK KLJKFRQILGHQFH EDVHV





7KH SDLUHGHQG UHDGV RI HDFK SRSXODWLRQ ZHUH PDSSHG WR
WKH $ WKDOLDQD UHIHUHQFH JHQRPH 7$,5 >@ XVLQJ
%:$ DOQ DQG VDPSH >@ DOORZLQJ IRU  PLVPDWFK DQG
H[FOXGLQJRUJDQHOODU'1$2QO\XQDPELJXRXVO\PDSSHGUHDGV
ZHUH NHSW :H WKHQ SURGXFHG D PXOWLSOH SLOHXS ILOH ZLWK
6$0WRROVYPSLOHXS>@V\QFKURQL]LQJDQGILOWHULQJIRU
EDVH TXDOLW\ 4 ZLWK WKH SHUO VFULSW PSLOHXSV\QFSO RI
3R3RRODWLRQ>@LQRUGHUWRFDOOWKH613V7KHPLQLPXPPLQRU
DOOHOH FRXQWZDV VHW WR IRXU WR DFFRXQW IRU VHTXHQFLQJHUURUV
$GGLWLRQDOO\ D PLQLPXP FRYHUDJH RI  DQG D PD[LPXP










SDLUHGHQG UHDGV RI RQH SRSXODWLRQ SRRO %UXVLR XVLQJ WKH
VRIWZDUH9HOYHW >@:H WHVWHGYDULRXV NPHUV WR LGHQWLI\ WKH
EHVWSDUDPHWHUVIRUWKH$KDOOHULJHQRPHDVVHPEO\ZKLFKZDV
WKHQ XVHG DV D QHZ UHIHUHQFH WR UHPDS WKH UHDGV IURP WKH
WKUHH VWXG\ SRSXODWLRQV DV GHVFULEHG DERYH ZLWK RQH
H[FHSWLRQQDPHO\WKDWWKHPLVPDWFKSDUDPHWHUZDVORZHUHGWR




ORFDO QXFOHRWLGH DQG SURWHLQ %/$67 YHUVLRQ  VHDUFK
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DOLJQPHQW RI WKH FRQWLJV RI LQWHUHVW ZLWK WKH ³VHTXHQFH WR




7KH QLQH 613V WHVWHG KHUH ZHUH VHOHFWHG XVLQJ WKH $
WKDOLDQD JHQRPH DV UHIHUHQFH IRU WKH PDSSLQJ GXULQJ D
SURFHVVRIILQGLQJKLJKO\GLIIHUHQWLDWHG613VLQJHQHV7DEOH
WKDWDUHSUHVXPDEO\XQGHUKDELWDWPHGLDWHGVHOHFWLRQ)LVFKHU
HWDO XQSXEOLVKHG UHVXOWV%DVHGRQ WKHPDSSHGFRQVHQVXV
VHTXHQFHV SURYLGHG LQ )LOH 6 ZH GHYHORSHG HLJKW
S\URVHTXHQFLQJDVVD\V7DEOHWRFRYHUWKHQLQH613VZLWK
3\UR0DUN$VVD\'HVLJQ4LDJHQLQFOXGLQJRQHDVVD\WKDW
FRYHUHG WZR FORVHO\ VLWXDWHG 613V LQ JHQH586 7R DYRLG
PLVSULPLQJDOOSRWHQWLDO3&5SULPHUVHTXHQFHVZHUH%/$67HG
DJDLQVWWKHSXEOLFO\DYDLODEOH$WKDOLDQDJHQRPHDVZHOODVWKH
$KDOOHUL GHQRYRGUDIW DVVHPEO\ FKHFNLQJ IRU SRWHQWLDO3&5
IUDJPHQWVVPDOOHUWKDQ¶ESXVLQJSULPHUVLWHVWKDWKDYHDW
PRVW WKUHH PLVPDWFKHV $GGLWLRQDOO\ 3&5 SURGXFWV ZHUH
FKHFNHGIRUVLQJOHEDQGVRQDQDJDURVHJHO





EXIIHU $Q LQLWLDO SRO\PHUDVH DFWLYDWLRQ VWHS RI PLQ DW &
ZDVIROORZHGE\F\FOHVRIVDW&VDWWKHSULPHU
VSHFLILFDQQHDOLQJWHPSHUDWXUH7DEOHDQGVDW&DQG
D ILQDO VWHS RI PLQ DW & 7KH ELRWLQ\ODWHG3&5SURGXFWV
ZHUH H[WUDFWHG ZLWK VWUHSWDYLGLQ VHSKDURVH EHDGV *(





SODWH ZDV LQFXEDWHG DW & IRU  PLQ FRROHG WR URRP
WHPSHUDWXUH DQG UXQ RQ D 3\UR0DUN ,' PDFKLQH %LRWDJH
XVLQJ 3\UR0DUN *ROG UHDJHQWV 4LDJHQ DV VSHFLILHG E\ WKH
PDQXIDFWXUHU 7KH GLVSHQVDWLRQ RUGHU RI WKH IRXU QXFOHRWLGHV
ZDV GHWHUPLQHG DXWRPDWLFDOO\ E\ WKH 3\UR0DUN ,' VRIWZDUH
%LRWDJH DQG JHQRW\SLQJ ZDV SHUIRUPHG XVLQJ GHIDXOW
VHWWLQJV ,Q WRWDO ZH SHUIRUPHG  VHTXHQFLQJ UHDFWLRQV 
DVVD\VîLQGLYLGXDOVUHVXOWLQJLQLQGLYLGXDOORFL
6WDWLVWLFDODQDO\VHV




HVWLPDWHV EDVHG RQ WKH 3RRO6HT DSSURDFK ZH SHUIRUPHG D




VKRZHG WKH KLJKHVW IUHTXHQF\ IURP WKH UHDGV RI DOO WKUHH
SRSXODWLRQV FRPELQHG7KHUHIRUH IRU VLQJOHSRSXODWLRQV0$)
FDQEHEHORZ7KHUHJUHVVLRQLQFOXGHGSRSXODWLRQVî
 613V FRPSDULVRQV 6LQFH ZH ZHUH WHVWLQJ WHFKQLFDO
DVSHFWV ZH FRQVLGHUHG DOO FRPSDULVRQV DV LQGHSHQGHQW
GHWHFWLRQ HYHQWV DOWKRXJK WKH\ DUH ELRORJLFDOO\ QRW
LQGHSHQGHQW $V ZH ZHUH PDLQO\ LQWHUHVWHG LQ WKH GHYLDWLRQ
IURPWKHLGHDOUDWLRRIWKHWZRHVWLPDWHVRIDOOHOHIUHTXHQF\
ZHGLGQRW WUDQVIRUPWKHGDWDZKHQGHWHUPLQLQJ WKH LQWHUFHSW
VORSH DQG 5YDOXH RI WKH UHJUHVVLRQ +RZHYHU IRU WKH
FDOFXODWLRQ RI D SYDOXH IRU WKH UHJUHVVLRQ ZH XVHG DUFVLQH
VTXDUH URRWWUDQVIRUPHG DOOHOH IUHTXHQFLHV 7R FKHFN LI 3RRO
6HT JHQHUDOO\ XQGHU RU RYHUHVWLPDWHV DOOHOH IUHTXHQFLHV ZH
SHUIRUPHGDSDLUHGWWHVWRQWKHFRPSDULVRQVXVLQJDUFVLQH
VTXDUH URRWWUDQVIRUPHG DOOHOH IUHTXHQFLHV %RWK WKH OLQHDU
UHJUHVVLRQ DQG WKH SDLUHG WWHVW ZHUH SHUIRUPHG IRU DOO 
FRPSDULVRQV DQG IRU WKH FRPSDULVRQVZLWKRXWPLVVLQJ YDOXHV
RQO\ DPSOLILFDWLRQ DQGRU VHTXHQFLQJ IDLOXUHV LQ WKH
S\URVHTXHQFLQJ SURFHVV 7KLV DOORZHG XV WR HVWLPDWH WKH




ZLWK WKHFRYHUDJHDV WKHH[SODLQLQJYDULDEOHDQG WKHDEVROXWH
GLIIHUHQFHEHWZHHQWKHWZRHVWLPDWHVRIDOOHOHIUHTXHQF\DVWKH
GHSHQGHQWYDULDEOH




UHDGV WKDWPDSSHG WR WKH$ WKDOLDQD UHIHUHQFHJHQRPHZHUH
XVHG:LWKDQLQKRXVHVFULSWLQ5>@ZHUDQGRPO\GUHZ
UHDGVIURPHDFKRIWKH613SRSXODWLRQFRPELQDWLRQVXVLQJ
D FRYHUDJH UDQJH RI  WR [ DQG  LWHUDWLRQV )RU HDFK
LWHUDWLRQ DQG FRYHUDJH ZH GHWHUPLQHG WKH DOOHOH IUHTXHQFLHV
DQG SHUIRUPHG D OLQHDU UHJUHVVLRQ EHWZHHQ WKHVH DOOHOH
IUHTXHQFLHV DQG WKRVH REWDLQHG IURP S\URVHTXHQFLQJ :H
UHSRUWDYHUDJHYDOXHVRI WKHPHDQDOOHOH IUHTXHQF\GLIIHUHQFH




7KH VHTXHQFLQJ RI WKH WKUHH SRROHG SRSXODWLRQ VDPSOHV
UHVXOWHGLQRYHUPLOOLRQSDLUHGHQGUHDGVDIWHUDGDSWRUDQG
TXDOLW\ WULPPLQJ 7KLV FRUUHVSRQGV WR  *E RI VHTXHQFH









7KH EHVW SDUWLDO GH QRYR DVVHPEO\ IRU $ KDOOHUL ZDV
REWDLQHGZLWKDNPHURI,QWRWDO0EZHUHDVVHPEOHG
LQ ¶ FRQWLJV WKDWZHUH ODUJHU WKDQ  ES 7KH ORQJHVW
FRQWLJKDG¶ESDQG1ZDV¶ES$OOVL[JHQHVDQG
QLQH613VRILQWHUHVWRULJLQDOO\GHWHFWHGE\PDSSLQJWRWKH$
WKDOLDQD JHQRPH FRXOG EH LGHQWLILHG LQ WKH FRQWLJV RI WKH GH








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































7KH HLJKW S\URVHTXHQFLQJ DVVD\V 7DEOH  GHYHORSHG IRU
JHQRW\SLQJWKHQLQH613VLQVL[GLIIHUHQWJHQHVSHUIRUPHGZHOO
LQRIWKHDQDO\VHV3\URVHTXHQFLQJIDLOHGRQO\LQRXWRI
 FDVHV UHVXOWLQJ LQ PLVVLQJ YDOXHV IRU VHYHQ RXW RI 
FRPSDULVRQVDQGILYHRXWRIQLQH613V:LWK WKHH[FHSWLRQRI
WKUHH 613V (5' 613 586 613 DQG 586 613




7KH YDOLGDWLRQ RI WKH HVWLPDWHV RI DOOHOH IUHTXHQF\ IURP
SRROHG VDPSOHV PDSSHG DJDLQVW WKH $ WKDOLDQD UHIHUHQFH
JHQRPH E\ LQGLYLGXDO S\URVHTXHQFLQJZDV VXFFHVVIXO )LJXUH
D 7KH DYHUDJH GLIIHUHQFH EHWZHHQ SRSXODWLRQ DOOHOH
IUHTXHQFLHV GHULYHG IURP SRROHG RU LQGLYLGXDO VDPSOHV ZDV




IUHTXHQFLHV ZDV EHORZ  7KHUH ZDV QR WHQGHQF\ WKDW
HLWKHU WKH 3RRO6HT RU LQGLYLGXDOEDVHG DSSURDFK UHVXOWHG LQ
KLJKHURU ORZHUHVWLPDWHVRIDOOHOH IUHTXHQF\DV WKHSDLUHG W
WHVW UHYHDOHG QR GLIIHUHQFH DPRQJ WKHPHWKRGV Q   S  
 ([FOXGLQJ FRPSDULVRQV ZLWK PLVVLQJ YDOXHV IURP WKH
S\URVHTXHQFLQJ OHG WR D YHU\ VLPLODU UHVXOW XVLQJ OLQHDU
UHJUHVVLRQVQ \ [5 S
DQGWKHSDLUHGWWHVWQ S 7KHFRYHUDJHUDQJLQJ
IURP WR [ KDG QR VLJQLILFDQW HIIHFW RQ WKH DFFXUDF\ RI
WKH 3RRO6HT H[SUHVVHG DV GLIIHUHQFH EHWZHHQ WKH WZR
PHWKRGVQ U S 
7KH UHVXOWV XVLQJ WKH DOOHOH IUHTXHQF\ HVWLPDWHV EDVHG RQ
WKHGHQRYRDVVHPEOHGUHDGVZHUHKLJKO\FRQJUXHQWZLWKWKRVH
GHVFULEHG DERYH 2Q DYHUDJH DOOHOH IUHTXHQFLHV GLIIHUHG E\





ZDV WKH FDVH IRU WKH DQDO\VHV H[FOXGLQJ 613V ZLWK PLVVLQJ
YDOXHVIURPWKHS\URVHTXHQFLQJOLQHDUUHJUHVVLRQQ \ 
[5 SSDLUHGWWHVWQ S 
 )LQDOO\ WKH FRYHUDJH [ KDG QR VLJQLILFDQW
LPSDFWU S RQWKHDFFXUDF\RIWKH3RRO6HT
(IIHFWRIORZFRYHUDJHRQWKHDFFXUDF\RIWKH3RRO6HT
2XU UHVDPSOLQJ DQDO\VLV VKRZHG WKDW WKH DFFXUDF\ RI WKH
3RRO6HT LQFUHDVHV ZLWK LQFUHDVLQJ FRYHUDJH )LJXUH  )RU
RXUGDWDVHWZLWKGLSORLGLQGLYLGXDOVSHUSRRODFRYHUDJHRI
DW OHDVW [ UHVXOWHG LQ DPHDQ IUHTXHQF\ GLIIHUHQFH RI 
ZLWKDFRYHUDJHRI[WKHPHDQGLIIHUHQFHZDV)LJXUH
D7RUHDFKDQ5RILQD OLQHDUUHJUHVVLRQDPLQLPXP
FRYHUDJH RI [ ZDV QHHGHG ZKHUHDV IRU 5    D
FRYHUDJHRI[ZDVVXIILFLHQW)LJXUHE
'LVFXVVLRQ
7KH XVH RI SRROHG VDPSOHV LQ QH[WJHQHUDWLRQ VHTXHQFLQJ
3RRO6HTKDVLQFUHDVHGLQWKHODVWIHZ\HDUVIRUH[DPSOHWR
HVWLPDWH 613 DOOHOH IUHTXHQFLHV RI ZKROH SRSXODWLRQV HJ
>@ EHFDXVH LW DOORZV ZRUNLQJ ZLWK ODUJH VDPSOH VL]HV
ZKLOHNHHSLQJFRVWVDQGZRUNHIIRUWDWDPLQLPXP >@2Q WKH
RWKHU KDQG LQGLYLGXDO KDSORW\SH LQIRUPDWLRQ LV ORVW DQG WKH
GHWHFWLRQRIUDUHDOOHOHVPD\EHFRPSURPLVHG>@3RRO6HTLV
HVSHFLDOO\ LQWHUHVWLQJ IRU SRSXODWLRQ JHQRPLF VWXGLHV RI ORFDO
DGDSWDWLRQ LQ QDWXUDO SRSXODWLRQV DV WKH\ W\SLFDOO\ UHTXLUH
VHYHUDO SRSXODWLRQV ZLWK PDQ\ LQGLYLGXDOV WR GUDZ UHOLDEOH
FRQFOXVLRQV >@ 5HJDUGOHVV RI WKH DGYDQWDJHV DQG
GLVDGYDQWDJHV RI WKH SRROHG DSSURDFK WKH DFFXUDF\ RI 613
DOOHOHIUHTXHQFLHVGHULYHGIURP3RRO6HTLVWKHPRVWLPSRUWDQW
FULWHULRQ WR GUDZ DFFXUDWH SRSXODWLRQ JHQHWLF LQIHUHQFH %\
S\URVHTXHQFLQJ VSHFLILF 613 ORFL LQ LQGLYLGXDO VDPSOHV RXU
VWXG\ LV WKH ILUVW WR VKRZ WKDW 3RRO6HT LV D KLJKO\ DFFXUDWH
PHWKRGIRUHVWLPDWLQJDOOHOHIUHTXHQFLHVLQQDWXUDOSRSXODWLRQV
2XU UHVXOWV RQ $ KDOOHUL VKRZ D JRRG PDWFK RI WKH
LQGLYLGXDOO\ GHWHUPLQHG DOOHOH IUHTXHQFLHV DQG WKH RQHV
HVWLPDWHG E\ 3RRO6HT LUUHVSHFWLYH RI ZKHWKHU SDLUHGHQG




IRU ERWK UHJUHVVLRQV 2XU ILQGLQJV DUH LQ FRQFRUGDQFH ZLWK
SUHYLRXV VWXGLHV WKDW KDYH YHULILHG3RRO6HT UHVXOWV 7DEOH
DQG PRVWO\ IRXQG 5 RU UYDOXHV DERYH  +RZHYHU WKH
VWXGLHV OLVWHG GLIIHUHG LQ DW OHDVW RQH IXQGDPHQWDO DVSHFW RQ
KRZ 613 DOOHOH IUHTXHQFLHV ZHUH GHWHUPLQHG 7KH HVWLPDWHG
DOOHOH IUHTXHQFLHV IURP 3RRO6HT GDWD ZHUH QRW DIIHFWHG E\
VHTXHQFLQJ FRYHUDJH DERYH D FRYHUDJH RI [ 7KLV KLJK
UDQJH RI FRYHUDJH LV D UHVXOW RI WKH KLJK FRYHUDJH WKUHVKROG
XVHG LQ WKLV VWXG\ ZKLFK LQ RXU RSLQLRQ VKRXOG EH DW OHDVW
HTXDOWRWKHHIIHFWLYHSRROVL]HQXPEHURILQGLYLGXDOVPXOWLSOLHG
E\WKHSORLG\OHYHOLQRUGHUWRFRYHUUDUHYDULDQWV+RZHYHUWKH
UHVDPSOLQJ DQDO\VLV WR HYDOXDWH WKH HIIHFW RI ORZ FRYHUDJH
VKRZVWKDWLQRXUFDVHWKH3RRO6HTLVDOUHDG\TXLWHDFFXUDWH




QRW DIIHFW WKH UHVXOWV DV WKH UHJUHVVLRQ SDUDPHWHUV ZHUH
VLPLODUZLWKRUZLWKRXW WKHP7KLVVXJJHVWV WKDWQRVXEVWDQWLDO
GLIIHUHQFHV EHWZHHQ WKH WZR PHDVXUHV RI DOOHOH IUHTXHQFLHV
H[LVW +HQFH WKH IDFW WKDW PLVVLQJ YDOXHV LH DPSOLILFDWLRQ
DQGRUS\URVHTXHQFLQJIDLOXUHVH[LVW LVXQOLNHO\ WRUHVXOW IURP
WKH GLIIHUHQW SODWIRUPV XVHG ,W UDWKHU SRLQWV WR JHQHUDO
SUREOHPVZLWKWKHWHPSODWH'1$RUPDSSLQJSURFHGXUH$VZH
FKHFNHG WKH TXDOLW\ RI HDFK '1$ VDPSOH EHIRUH SRROLQJ WKH
IRUPHULVUDWKHUXQOLNHO\7KHUHIRUHRQHSRVVLELOLW\LVWKDWVRPH
LQGLYLGXDOV ZHUH VR SRO\PRUSKLF LQ WKH VSHFLILF UHJLRQ WKDW L
WKHLU UHDGV GLG QRW PDS WR WKH ULJKW SRVLWLRQ LQ WKH PDSSLQJ
SURFHVV WKHUHE\ LQIOXHQFLQJ WKH GHYHORSPHQW RI WKH
3RRO6HT9DOLGDWLRQLQ1DWXUDO3ODQW3RSXODWLRQV
3/2621(_ZZZSORVRQHRUJ  1RYHPEHU_9ROXPH_,VVXH_H
)LJXUH   9DOLGDWLRQ RI 613 DOOHOH IUHTXHQFLHV GHWHUPLQHG E\ QH[WJHQHUDWLRQ VHTXHQFLQJ RI SRROHG VDPSOHV RI
$UDELGRSVLVKDOOHUL &RPSDULVRQEHWZHHQPDMRUDOOHOH IUHTXHQFLHVFDOFXODWHG IURP LQGLYLGXDOJHQRW\SLQJXVLQJS\URVHTXHQFLQJ
3\UR0DUNDQGEDVHGRQSRROHGSRSXODWLRQVDPSOHV3RRO6HTGHWHUPLQHGZLWK,OOXPLQD,Q)LJXUHDDOOHOHIUHTXHQFLHVIURPWKH
3RRO6HTZHUHFDOFXODWHGIURPUHDGVPDSSHGWRWKHSXEOLFO\DYDLODEOH$UDELGRSVLVWKDOLDQDJHQRPH,Q)LJXUHEWKHUHDGVZHUH
PDSSHG WRRXURZQGHQRYR GUDIW JHQRPHRI$KDOOHUL6KRZQDUH WKH UHVXOWVRI613V IURPVL[JHQHV IRUDOO WKUHHSRSXODWLRQV








DYDLODELOLW\ RI D KLJKTXDOLW\ UHIHUHQFH JHQRPH RI D FORVH
UHODWLYH OLNH $ WKDOLDQD >@ XVHG LQ WKLV VWXG\ $UDELGRSVLV
WKDOLDQD DQG $ KDOOHUL DUH HVWLPDWHG WR KDYH GLYHUJHG
DSSUR[LPDWHO\  WR  PLOOLRQ \HDUV DJR KDYH GLIIHUHQW
FKURPRVRPH QXPEHUV DQG WKH $ KDOOHUL JHQRPH LV DERXW
WZLFHWKHVL]HRIWKH$WKDOLDQDJHQRPH>@1HYHUWKHOHVVWKH
VHTXHQFH GLYHUJHQFH LQ FRGLQJ VHTXHQFHV EHWZHHQ WKH WZR
VSHFLHV ZDV VXIILFLHQWO\ ORZ WR DOLJQ  RI WKH $ KDOOHUL
UHDGV WR WKH $ WKDOLDQD JHQRPH ZKLFK UHVXOWHG LQ KLJKO\
DFFXUDWH DOOHOH IUHTXHQF\ HVWLPDWHV IRU WKH 613V RI LQWHUHVW
%RWKPDSSLQJSURFHGXUHVUHSUHVHQWLQWHUHVWLQJDSSURDFKHVIRU
3RRO6HTVWXGLHVXVLQJQRQPRGHO RUJDQLVPV:KLOHPDSSLQJ
WR D FORVHO\ UHODWHG VSHFLHV LV D TXLFN DQG VWUDLJKWIRUZDUG
)LJXUH(IIHFWRIVHTXHQFLQJFRYHUDJHRQWKHDFFXUDF\RIWKH3RRO6HTLQ$UDELGRSVLVKDOOHULD0HDQGLIIHUHQFHEHWZHHQ
DOOHOH IUHTXHQFLHV GHWHUPLQHG E\ ,OOXPLQD 3RRO6HT DQG LQGLYLGXDO S\URVHTXHQFLQJ E 'HWHUPLQDWLRQ FRHIILFLHQW RI WKH OLQHDU
UHJUHVVLRQ5EHWZHHQWKHWZRDOOHOHIUHTXHQF\HVWLPDWHV'DWDGHULYHIURPDUHVDPSOLQJDQDO\VLVZLWKLWHUDWLRQVLQZKLFK





PHWKRG DVVHPEOLQJ DQ RZQ GUDIW JHQRPH OHDGV WR D KLJKHU
SURSRUWLRQ RI PDSSHG UHDGV WKDW FDQ EH XVHG IRU IXUWKHU
DQDO\VHV
,WZDVEH\RQGWKHVFRSHRIWKLVVWXG\WRWHVWWKHHIIHFWRISRRO
VL]H RQ WKH DFFXUDF\ RI DOOHOH IUHTXHQF\ HVWLPDWHV RI WKH
SRSXODWLRQV+RZHYHU LW LVFOHDUWKDW LQFUHDVLQJWKHQXPEHURI
LQGLYLGXDO VDPSOHV LQ D SRRO ZLOO GHFUHDVH WKH FRQWULEXWLRQ RI
SLSHWWLQJ DQG'1$FRQWHQWPHDVXUHPHQWV WR WKH RYHUDOO HUURU
UDWH>@2QWKHRWKHUKDQGLIWKHGHWHFWLRQUDWHRIDOOHOHVLVDQ
LPSRUWDQW IDFWRU HJ LI VLQJOHWRQV QHHG WR EH LGHQWLILHG WKH
SRROVL]HVKRXOGEHFDUHIXOO\FKRVHQ LQUHODWLRQ WRVHTXHQFLQJ
HUURUUDWHRIWKHDSSOLHGWHFKQRORJ\>@,QRXUFDVHWKHHUURU
UDWH RI WKH ,OOXPLQD GDWD VKRXOG EH EHORZ  FRQVHUYDWLYH
HVWLPDWH EDVHG RQ 3KUHG VFRUH WKHUHIRUH WKH IUHTXHQF\ RI
VHTXHQFLQJ HUURUV LVZHOO EHORZ WKH IUHTXHQF\ RI D VLQJOHWRQ
ZKLFKLVLQDSRRORIGLSORLGLQGLYLGXDOV7KXVZHFDQ
EH IDLUO\ SRVLWLYH WKDW UDUH DOOHOHV FDQ EH GHWHFWHG 2XU GDWD
FRQILUPWKLVIRUH[DPSOHZKHQORRNLQJDWWKHUHVXOWVXVLQJWKH
PDSSLQJDJDLQVW$WKDOLDQDLQWKHWKUHHRXWRIFRPSDULVRQV
ZKHUH WKHPLQRU DOOHOH SHU SRSXODWLRQ UHSUHVHQWV D VLQJOHWRQ
WKH DOOHOH IUHTXHQF\ GHWHUPLQHG E\ 3RRO6HT GLIIHUHG PD[
IURPWKHDOOHOHIUHTXHQF\GHWHUPLQHGE\S\URVHTXHQFLQJ
0RUHRYHU LQ ILYH RXW RI VL[ FRPSDULVRQV LQ ZKLFK ORFL ZHUH
LQIHUUHG WR EH PRQRPRUSKLF ZLWKLQ D SRSXODWLRQ EDVHG RQ




WKH SRRO VL]H DQG WR WKH WKUHVKROG RI UHDG QXPEHU QHHGHG WR
DFFHSWDQDOOHOHGXULQJ613FDOOLQJ
$V D FRQVHTXHQFH RI LWV TXDQWLWDWLYH QDWXUH WKH
S\URVHTXHQFLQJPHWKRGXVHGIRUWKHYDOLGDWLRQRIWKH3RRO6HT
FDQ DOVR LWVHOI EH DSSOLHG WR DFFXUDWHO\ GHWHUPLQH DOOHOH
IUHTXHQFLHV LQ SRROHG VDPSOHV >@ 7KHUHIRUH WKH
WHFKQRORJ\ UHSUHVHQWV DQ LQWHUHVWLQJ RSWLRQ IRU VWXGLHV WKDW
QHHGWRUHOLDEO\YDOLGDWHD3RRO6HTSURWRFROE\VFUHHQLQJ WKH
DOOHOH IUHTXHQFLHV RI D OLPLWHG QXPEHU RI 613V LQ SRROHG
VDPSOHV EHFDXVH WKH VSHFLILF UHJLRQV DUH DPSOLILHG SULRU WR
S\URVHTXHQFLQJ E\ XVLQJ VSHFLILF SULPHUV 0RUHRYHU LW FRXOG
EH XVHG IRU H[WHQGHG VWXGLHV DIWHU KDYLQJ LGHQWLILHG 613V RU
JHQHV RI LQWHUHVW IRU H[DPSOH E\ JHQRW\SLQJ DGGLWLRQDO
SRSXODWLRQV DW VSHFLILF ORFL WR YDOLGDWH UHVXOWV ZLWK DQ
LQGHSHQGHQWGDWDVHW+RZHYHUIRUVFUHHQLQJDODUJHQXPEHURI
LQGLYLGXDO VDPSOHV DQG 613V S\URVHTXHQFLQJ UHPDLQV D
UDWKHUH[SHQVLYHPHWKRGHYHQZLWKSRROHGVDPSOHV
,Q FRQFOXVLRQ RXU YDOLGDWLRQ VWXG\ VKRZV WKDW DOOHOH
IUHTXHQF\ HVWLPDWHV GHULYHG IURP 3RRO6HT FDQ EH KLJKO\
UHOLDEOH DQG DFFXUDWH 7KH VDPSOLQJ GHVLJQ ZH XVHG LQ WKLV
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